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ABSTRACT
The Gaia HR diagram shows the presence of apparently young stars at high tangential velocities.
Using a simple analytical model I show that these stars are likely to be blue stragglers. Once nor-
malized to red giant stars, the fraction of nearby halo blue stragglers is of order 20 percent, and
remarkably close to that measured in dwarf galaxies. Motivated by this similarity, I apply to field blue
stragglers scaling relations inferred from blue stragglers in dwarf galaxies. Doing this for the Milky
Way halo returns an average stellar density of (3.4 ± 0.7) × 10−5M/pc3 and a dark matter density
of ' 0.006+0.005−0.003M/pc3 ' 0.22+0.20−0.10 GeV/cm3 within 2 kpc from the Sun. These values compare
favourably to other determinations available in the literature, but are based on an independent set of
assumptions. A few considerations of this methodology are discussed, most notably that the correla-
tion between the dark matter halo core-density and stellar mass seen in dwarf galaxies seems to hold
also for the nearby Milky Way halo.
Keywords: Baryon density, Dark matter density, Blue straggler stars, Galaxy stellar halos, Dwarf
galaxies
1. INTRODUCTION
Recent results have shown that the close binary frac-
tion (P . 104 days and a . 10 AU) of solar-type stars
is anticorrelated with metallicity (Moe et al. 2019; El-
Badry & Rix 2019), implying that most solar-type stars
with [Fe/H]< −1 will interact with a close binary. While
the implications of this results are manyfold, here I focus
on the rate of blue-straggler stars (BSS). First observed
by Sandage (1953) in the globular cluster M3 as an ap-
parent extension of the classical main sequence, BSS are
now believed to be the product of mass transfer and/or
merger in close binaries or multiple star systems (e.g.
Knigge et al. 2009; Santana et al. 2013). The metallicity
anticorrelation of close binaries implies that the fraction
of BSS is expected to increase at decreasing metallicity
(Wyse et al. 2020). This means that the blue strag-
glers population should become more prominent when
moving to increasingly metal-poor and old populations
(so that BSS can be readily identified populating the
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left hand side of the turn-off), such as moving from the
thin to the thick disk and halo. Here, I use data from
Gaia DR2 (Gaia Collaboration et al. 2018a) and sim-
ple analytical considerations to show that this identi-
fication is indeed possible. The fraction of BSS found
at high tangential velocities is in excellent agreement
with that measured in dwarf-spheroidal and ultra-faint
dwarf galaxies. For these stellar systems, the fraction
of BSS is proportial to their total stellar mass (Santana
et al. 2013), which then correlates to their dark mat-
ter density. Here I show that applying these relations
to the BSS identified in the Galactic stellar halo, it is
possible to obtain measurements of the local stellar and
dark matter density which are in agreement with those
derived by other means. This result supports the as-
sumption of applying to the halo of a spiral galaxy like
the Milky Way scaling relations for BSS in dwarf galax-
ies. Thus, field BSS might be able to provide a new
diagnostic to study the stellar and dark matter density
in the halo. A number of methodologies have been de-
veloped over the years to measure these two densities,
which are central e.g., to guide direct dark matter de-
tection experiments, to understand the formation of the
Milky Way and to place it in the cosmological context
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with other, similar mass galaxies (e.g., Read 2014; Dea-
son et al. 2019; de Salas 2019). However, these measure-
ments are far from definitive. For the stellar density in
the halo, a wide range of local normalisations have been
reported in the literature. Local dynamical dark matter
density measurements are stronly affected by the im-
perfect knowledge of the baryonic contribution, and in
spite of the data from Gaia, different analyses still return
dissimilar results (e.g., Sivertsson et al. 2018; de Salas
2019). The use of blue stragglers to derive stellar and
dark matter densities is explored here by developing a
methodology which is based on assumptions largely dif-
ferent from those used by other methods.
2. BLUE STRAGGLERS SELECTION
From Gaia DR2 I retrieve all stars satisfying condi-
tions (1), (2) and (3) of Arenou et al. (2018), and with
parallax errors below 10 percent, totalling 67.7 million
objects. These requirements are also used in Gaia Col-
laboration et al. (2018b) to study the fine structure of
the Hertzsprung-Russell diagram, removing most of the
artifacts while still allowing to see the imprint of gen-
uine binaries. Avoiding selection against binaries might
be relevant given that Preston & Sneden (2000) con-
cluded that a significant fraction of BSS are binaries.
For this same reason I do not impose a threshold on
the Renormalised Unit Weight Error (RUWE, technical
note GAIA-C3-TN-LU-LL-124-01), and note that the
present sample has a median RUWE of 1.0 with 97% of
the stars having RUWE< 1.4.
BSS are identified in a fashion similar to Santana
et al. (2013), and normalized to the number of red gi-
ant branch (RGB) stars identified in a similar range of
absolute magnitudes. The advantage of using the num-
ber count of stars selected in a similar range of intrin-
sic luminosities is that their ratio is largely insensitive
to selection effects stemming from the Malmquist bias
(Malmquist 1922).
BSS and RGB are defined as stars falling within the
blue and red boxes shown in the color-magnitude dia-
gram of Figure 1. These boxes are obtained following
Evans et al. (2018) to convert gr magnitudes from San-
tana et al. (2013) into the Gaia photometric system,
plus small zero points shifts to optimize these boxes with
the actual position occupied by BSS and RGB stars in
the Gaia HR diagram. For the RGB box, the bound-
ary at cool temperatures is extended to colors redder
than in Santana et al. (2013), to account for a range of
metallicites and ages in the Galactic disk which is much
larger than that encountered in dwarf galaxies or glob-
ular clusters. This extension is however irrelevant when
dealing with stars at high tangential velocities, which
occupy the left-most position on the RGB box (see also
animation associated with Figure 1). Gaia colors and
magnitudes of all stars have been corrected for redden-
ing using a rescaled version of the Schlegel et al. (1998)
map as described in Kunder et al. (2017), with redden-
ing coefficients from Casagrande & VandenBerg (2018).
The video associated to Figure 1 shows how the ratio
of the number of stars falling into the BSS and RGB
boxes varies when selecting stars with different tangen-
tial velocities. As VTAN increases, the dominant stellar
population changes from the thin to the thick disk, un-
til the ratio remains constant at a value 0.2 − 0.3 for
tangential velocities which are typical of halo stars.
The box used to identify BSS suffers from contam-
ination from main-sequence stars populating this re-
gion of the HR diagram. This effect is very strong
in a young stellar population like the thin disk (say
VTAN < 40 km s
−1, see e.g., Gaia Collaboration et al.
2018b) and decreases when moving towards older pop-
ulations like the thick disk and halo. Figure 1 is ob-
tained using all stars without any restriction on their
Galactic latitude b, nor height above the Galactic plane
Z. Another source of uncertainty is due to the arbi-
trary definition of the BSS and RGB boxes, as well as
to the reddening corrections applied. To account for all
these uncertainties, I run 10,000 Monte-Carlo realiza-
tions where each time I randomly changed the bound-
aries of the BSS and RGB boxes by up to several hun-
dreds of mag, reddening by 20 percent, let the width
of the boxcar vary anywhere between 10 and 60 km s−1,
and considered only stars with heights above the Galac-
tic plane varying in the range 0 < Z < 400 pc. The
results are shown on the left panel of Figure 2. At low
VTAN the ratio of stars falling into the BSS and RGB
box varies quite substantially, and this is largely driven
by the adopted cuts in Z. The higher stars are above
the Galactic plane, the lower is the contamination from
young thin disk stars that otherwise would fall into the
BSS box. Therefore, the ratio of stars into the BSS and
RGB boxes decreases. I verified that very similar results
are obtained if doing a cut in the projected height above
the plane, i.e. Galactic latitute b, instead of Z.
Remarkably, the trend reverses for tangential veloc-
ities around 200 km s−1 and the ratio becomes nearly
constant above∼ 300 km s−1, with very low scatter inde-
pendently of the set of parameters of each Monte-Carlo
realization.
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Figure 1. Left panel: color-magnitude diagram for the Gaia sample having tangential velocities (VTAN) in the range indicated
on the top of the panel. Colors and magnitudes have been corrected for reddening as described in the text. The blue and red
boxes are used to identify BSS and RGB, respectively. The green box is used to identify bRGB (i.e. RGB on the Gaia blue
sequence, see description in Section 4). Scattered blue, red and green points are the range of values explored for the 10,000
Monte-Carlo realizations described in the paper. Right panel: black line shows the ratio of stars falling into the BSS and RGB
boxes when selecting them in a moving VTAN boxcar of width 50 km s
−1. Continuos gray lines are 1 sigma Poisson error bars.
The point with the highest VTAN in this figure is obtained doing the ratio of the BSS and RGB stars shown on the left-hand
panel. An animation of these panels, with a VTAN boxcar running from 0 to 500 km s
−1 is available. The duration of the video
is 50 seconds.
3. ANALYTICAL MODEL
The number of main-sequence stars that contaminate
the BSS box relative to the RGB one can be modelled
generating a synthetic stellar population, but this is be-
yond the scope of this analysis. Instead, simple analyt-
ical considerations suffice to understand the trend.
The number of main-sequence stars that falls into the
BSS box at any given time is given by
NBSS =
∫ M2
M1
φ(m)dm (1)
where φ(m) is the Initial Mass Function (IMF), and M1
and M2 are minimum and maximum stellar mass in the
BSS box. For stars above roughly a solar mass, the
IMF slope of Salpeter (1955) can be safely used, i.e.
φ(m) ∝ m−2.35. Similarly, the number of stars that are
on the RGB phase at a given time is given by all stars
massive enough to have evolved off the main sequence,
i.e. with masses higher than the time-dependent turn-off
mass M(t). The latter can be readily derived from the
relationship between main-sequence lifetime and stellar
mass (e.g. Kippenhahn et al. 2012):
M(t)
M
∼
(
t
t
)−1/3
. (2)
This implies that at any given time the following ratio
R′ holds between newly formed stars that fall in the BSS
and RGB selection boxes:
R′ =
∫ M2
M1
φ(m)dm∫ ∞
M(t)
φ(m)dm
=
M−1.351 −M−1.352
(t/t)0.45
. (3)
For practical purposes, the power law of the IMF implies
that the upper limit of integration at denominator goes
quickly towards a negligible contribution, be it a few
tens of solar masses or infinity. If one wishes instead to
derive the ratio R between all stars formed until a given
time that fall onto the BSS and RGB boxes, it suffices
to integrate over t, and to correct for the stars that have
evolved off the selection boxes. For the BSS box, this
implies removing all stars that have evolved-off the main
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Figure 2. Left panel: BSS-to-RGB ratio as function of VTAN for 10,000 Monte-Carlo realizations varying parameters as described
in the text (gray lines). Orange line is the mean and standard deviation of all realizations above 200 km s−1. Continuous blue
line is the BSS-to-RGB ratio measured by Santana et al. (2013) for dwarf galaxies, with 1 sigma uncertainties indicated by the
dashed lines. Right panel: analytic models of equation 4 (black) and 5 (orange).
sequence, i.e. with masses in the range M(t) and M2.
For the RGB box, one should correct for all stars that
have left the giant branch. At a given age, the RGB
spans a mass range which is of order of a few percent of
the turn-off mass, p ∼ 1.1− 1.03.
R =
∫ t
0
[∫ M2
M1
φ(m)dm−
∫ M2
M(t)
φ(m)dm
]
dt∫ t
0
∫ pM(t)
M(t)
φ(m)dm dt
=
1.45M−1.351 − (t/t)0.45
(1− p−1.35) (t/t)0.45 . (4)
Here, the integration over time corresponds to assume
a constant star-formation history, which suffices to de-
scribe most of the evolution of the Galactic disk, at least
over the past ∼ 8 Gyr (e.g., Snaith et al. 2015) The de-
pendence of equation 4 with time is shown on the left-
hand panel of Figure 2, where I have used isochrones
for an informed guess on M1. I have adopted the MIST
isochrones (Choi et al. 2016) with −2.0 ≤ [Fe/H] ≤ 0.5
(roughly the range of metallicities covered by stars with
VTAN < 200 km s
−1, e.g., Sahlholdt et al. 2019) and with
ages spanning over the entire grid of MIST isochrones. I
have then identified all isochrone masses that fall in the
BSS box of Figure 1, obtaining the value M1 = 1.0 and
M2 = 1.8 for the 10th and 90th percentiles, respectively.
Stars with VTAN > 200 km s
−1 typically have ages
older than ∼ 10 Gyr and belong to the kinematically
hot tail of the thick disk, and to the stellar halo (e.g.
Helmi et al. 2018; Di Matteo et al. 2018; Sahlholdt et al.
2019). The simple model of equation 4 is sufficient to
inform that at these old ages there will not be resid-
ual main-sequence stars falling into the BSS box. This
reinforces the interpretation that the majority of stars
identified in the BSS box with VTAN & 200 km s−1 are
genuine blue stragglers.
The constant ratio of BSS at high VTAN can also be
qualitatively understood. I assume 0.8M as typical
stellar mass for halo (sub)giant stars (e.g. VandenBerg
et al. 2014; Epstein et al. 2014), and I further assume
that if a star occupies the BSS box it must roughly be >
1M (as supported by the isochrones check done above).
The number of BSS with final mass > 1M is given by
a fraction of all possible combinations of mass for stars
between Ma = 0.2 and Mb = 0.8M, and which are
in a binary system. Adopting the Kroupa (2001) IMF
(whose broken power-law is more appropriate than the
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Salpeter one for masses below MK = 0.5M) leads to:
R = fcfm
∫ t
t2
∫ Mb
Ma
φ(m)dm dt∫ t
t1
∫ pM(t)
M(t)
φ(m)dm dt
=
1.43fcfmt
0.43

(t− t2)
(t1.43 − t1.431 )
×
4
15
(
M−0.3a −M−0.3K
)
+
2
65
(
M−1.3K −M−1.3b
)
2
65
(1− p−1.3)
. (5)
Here, the number of RGB stars is given by the number
of objects in the appropriate mass range that formed
at least t1 = 9 Gyr ago, where this age corresponds
to a turn-off mass of ∼ 0.8M (equation 2). Moving
to the number of BSS, I do not make any assumption
when their mergers occur (which in fact could happen at
times more recent than t1), nor their formation channels
(e.g., binary interaction when both components are still
on the main sequence, but also from interaction with
an evolved primary with a mass somewhat higher than
Mb). There is a degree of stochasticity in the time at
which each binary merger will occur, besides the effect of
stellar life-time in the range Ma to Mb, and of stragglers
in the range M1 to M2 (which will then evolve towards
the giant phase). Modelling these effects goes beyond
the analytical formulation presented here. The net effect
of decreasing the number of BSS at any given time can
be expressed as a delay, where the number of BSS will
start to increase linearly from t2 > t1. Choosing e.g.,
t2 = 10 Gyr produces a smooth slope similar to what
is seen at VTAN between 200 and 300 km s
−1. For t2 =
t1 the rise is much steeper, although irrelevant for the
qualitative sake of this discussion.
Only a certain fraction of all possible mass combina-
tions in the range 0.2 − 0.8M will result into a sum
> 1M, and this is accounted for by fc. This correction
factor is determined numerically, by generating a distri-
bution of masses according to the adopted IMF, and for
a given fraction of binaries fb computing how many will
have a total mass > 1M. This returns fc ∼ 0.18fb,
where fb can be taken from observations. The only free
parameter is thus fm, which is the fraction of binaries
undergoing mass transfer/merger. This can be deter-
mined by requiring the plateau at old ages of Equation
5 to match that observed in the halo (Figure 2). De-
cent agreement is obtained if fcfm = 0.18fbfm = 0.018.
Adopting fb = 0.5 for the fraction of metal-poor close
binaries (Moe et al. 2019) implies fm = 0.2, i.e. 20
percent of close binaries (or equivalently 10 percent of
stars) will undergo some sort of mass transfer and/or
merger. Note that different values of binary fraction will
vary the percentage of binaries undergoing mass transfer
(e.g., fb = 0.4 implies fm = 0.25) but the total fraction
of stars (fbfm) remains unchanged at 10 percent.
The purpose of this analytical formulation is simply to
show that with a few basic assumptions on the IMF and
stellar lifetimes, it is possible to qualitatively describe
the trend seen in the BSS-to-RGB ratio of Figure 1 and
2. At low VTAN (i.e., young and intermediate age stel-
lar populations) the trend reflects the number of main-
sequence versus red giant branch stars. The flattening
seen at high VTAN (old populations) can instead be de-
scribed assuming that stars in the BSS box are created
by stellar mergers with a set of reasonable parameters.
4. BUILDING A VOLUME COMPLETE SAMPLE
OF HALO BLUE STRAGGLERS
Membership to the stellar halo based only on VTAN is
rather approximate. Gaia Collaboration et al. (2018b)
has revealed that stars with VTAN > 200 km s
−1 fall
along two well-defined sequences separated by roughly
0.1 magnitude in color, dubbed the red and blue se-
quence. At VTAN = 200 km s
−1 there is still a clear
contribution of thick disk stars falling onto the red se-
quence, and the stellar halo becomes clearly dominant
only above VTAN = 250 − 300 km s−1 (see Figure 5 in
Sahlholdt et al. 2019). The blue sequence has been
speculated to be formed by stars accreated by one (or
more) massive dwarf galaxy, whereas the red sequence
likely comprises the tail of the thick disk, kinematically
heated by the accreation event (e.g., Helmi et al. 2018;
Haywood et al. 2018; Di Matteo et al. 2018; Sahlholdt
et al. 2019; Koppelman et al. 2019; Myeong et al. 2019).
The BSS-to-RGB ratio in the left-hand panel of Figure
2 bottoms off and reverses between 200 and 300 km s−1,
after which stabilizes to a mean (and median) value
of 0.20 with a standard deviation of 0.03. This value
is remarkably robust, and well within the range mea-
sured by Santana et al. (2013) in dwarf galaxies with no
recent star formation (0.29 with a standard deviation
of 0.17), with selection boxes similar to those adopted
here1. Whether or not the local halo is formed by one
or more disrupted dwarf galaxies, it might not come as
a surprise that the density of BSS in low metallicity,
1 As in Santana et al. (2013), I use the BSS-to-RGB ratio (R) at
the face value. The actual value will be slightly higher, R/(1−R)
under the assumption that a fraction R of RGB stars are in fact
evolved BSS. At the same time, the measured R is an upper limit,
since the adopted box does not extend to the tip of the RGB.
6 Casagrande Luca
Figure 3. Left panel: distribution of Gaia G magnitudes for stars into the bRGB box, with |Z| > 400 pc and VTAN > 250 km s−1.
Vertical line is the mode of the distribution. Middle panel: gray density plot is the distribution of all stars into the bRGB box
as function of height from the Galactic plane Z, and Galactocentric distance R (assuming the Sun is a 8 kpc from the Galactic
centre, Gravity Collaboration et al. 2019). Green circles are bRGB with |Z| > 400 pc, VTAN > 250 km s−1 and closer than
∼ 2 kpc. Right panel: [Fe/H] versus VTAN for bRGB stars in the SkyMapper sample with |Z| > 400 pc and closer than ∼ 2 kpc.
Stars with metallicities below −1 (vertical line) are classified as halo.
low density environments, such as the Galactic halo and
dwarf galaxies, is similar.
Santana et al. (2013) reports a correlation between the
number of BSS in a dwarf galaxy and the total stellar
mass of the system (their equation 5). Motivated by
the constant BSS-to-RGB ratio found at high tangential
velocities, and its similarity to that measured in dwarf
galaxies, I use the aforementioned correlation to test
whether it returns a sensible estimate for the stellar mass
in the local halo. To succesfully doing so, it is crucial
to correctly assign BSS to the halo. This is not trivial
to do purely based on VTAN because of contamination
from the thick disk above 200 km s−1, and the fact that
the halo extends below this velocity. The blue sequence
of the Gaia HR diagram offers a way out.
I define an RGB to be a member of the Gaia blue
sequence (bRGB) if it falls on the green box of Fig-
ure 1. This box is contained within the RGB box, and
its boundaries on the right-hand side have been defined
selecting the midpoint where the Gaia red and blue se-
quences are most separated in the HR diagram of high
VTAN stars (in a fashion similar to Sahlholdt et al. 2019.
This is best appreciated in the animation of Figure 1).
This region encompasses mostly old, metal-poor red gi-
ants from the halo, although younger and more metal-
rich red giant stars from the Galactic disk can contami-
nate it, especially at low VTAN. I use metallicities from
the SkyMapper photometric survey (Casagrande et al.
2019) to identify halo stars purely from their chemistry,
and estimate the fraction of missing halo stars when cut-
ting at a given VTAN and height Z. With this correction,
I then derive a volume complete number of halo bRGB,
and use the constant BSS-to-RGB ratio of Figure 2 to
estimate the number of halo blue stragglers, and total
stellar mass within the same volume through equation
5 of Santana et al. (2013). It can be seen from the ani-
mation of Figure 1 that at the highest VTAN (where the
halo sample is the cleanest, with all RGB stars virtually
on the blue sequence), the BSS-to-RGB ratio remains
constant at 0.2. This indicates that contamination from
thick disk stars affects equally BSS and RGB stars (not
unexpectedly, since they have similar intrinsic luminosi-
ties and hence probe similar distances), and their ratio
is thus a robust quantity.
Below, all these steps are explained in detail with a
case study, using a set of fixed parameters. This proce-
dure is then generalized using 100,000 MonteCarlo reali-
sations, where the parameters adopted in the case study
are changed within a reasonable range.
Gaia DR2 parallaxes have a typical precision of or-
der 0.04 mas for stars brighter than G ∼ 15 (which
is appropriate for the bulk of this sample). This, to-
gether with the requirement of 10 percent precision in
parallaxes (Section 2) limits completeness to parallaxes
& 0.4 mas (or distances closer than about 2.5 kpc). This
estimate however does not account for the fact that stars
with different intrinsic luminosities will be complete to
different distances. The distribution of G magnitudes
for bRGB shows the typical power law of a uniform, vol-
ume complete sample up to G ' 14.1 (Figure 3a). The
green box of Figure 1 requires a complete sampling of
bRGB stars to be sensitive to MG ∼ 2.5, thus implying
that D = 10
14.1−2.5
5 −2 ∼ 2 kpc is the furthest distance
at which the sample is complete. At bright magnitudes
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Figure 4. Left panel: fraction of missing halo bRGB stars as function of VTAN, for different cuts in height Z above the Galactic
plane (shown in color). Each point is one of the 100,000 Monte-Carlo realization of the procedure described in the text. Right
panel: stellar halo density from each realization. Gray lines mark the mean (continuous line) and one sigma levels (dotted lines).
Gaia DR2 is complete down to G ∼ 7 (see discussion in
Gaia Collaboration et al. 2018a; Bennett & Bovy 2019)
which together with the bright limit of MG ∼ 0.6 for
the bRGB box translate to a distance completeness of
∼ 190 pc. This limit is of no concern since I only select
stars with |Z| > 400 pc, to avoid region heavily affected
by reddening and crowding, as well as strong contami-
nation from the disk (this cut in Z eliminates all bRGB
within ∼ 10◦ from the Galactic plane). There are 1824
bRGB satisfying these criteria.
SkyMapper provides [Fe/H] for some 9 million stars
in the southern sky, with no selection other than having
good photometry, in a color range which well encom-
passes the RGB box, and Galactic latitudes |b| > 5◦
(Casagrande et al. 2019). All stars from the SkyMap-
per sample are in Gaia DR2: I apply the quality flags
and reddening corrections described in Section 2 and
identify SkyMapper members of the Gaia blue sequence
with |Z| > 400 pc using the same green selection box of
Figure 1. Also for this sample restricting to distances
closer than 2 kpc is appropriate (the distribution of G
magnitudes for the SkyMapper sample peaks at a value
similar to that of the Gaia sample). Figure 3c shows
that within the bRGB box, there is a considerable frac-
tion of metal rich giants, as well as metal-poor stars
with VTAN < 250 km s
−1. I classify a star as halo if its
[Fe/H]<= −1, and define the following correction for
the fraction of missing halo stars:
fma = 1−
n
|Z|>400
VTAN>250
n
|Z|>400
[Fe/H]<−1
, (6)
where the numerator and denominator are the number
of bRGB stars 400 pc above the Galactic plane with
tangential velocities above 250 km s−1 and metallicities
below−1, respectively. I find that fma ∼ 0.6, i.e., within
2 kpc about 60 percent of halo stars are lost when cut-
ting at VTAN > 250 km s
−1 and |Z| > 400pc. Thus, the
complete number of halo bRGB is of order 4500. The
choice of using [Fe/H]< −1 to chemically assign stars to
the halo is arbitrary, and the transition from the thick
disc and halo is not clear-cut (e.g., Reddy & Lambert
2008; Ruchti et al. 2010; Sahlholdt et al. 2019). Nev-
ertheless, from Figure 3c it is clear that at the highest
VTAN (where the fraction of genuine halo stars is the
highest) the bulk of stars has [Fe/H]< −1. Also, the
adopted choice is consistent with the literature, where
the broad metallicity distribution of the halo is found to
become prominent below −1 (e.g., Ryan & Norris 1991;
An et al. 2013), whereas at high VTAN the thick disk
peaks at −0.7 (Sahlholdt et al. 2019).
It must be noted that the completeness of the samples
is partly decreased by the quality cuts described in Sec-
tion 2. To assess their effect, I query the Gaia archive
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requiring only parallaxes better than 10 percent. This
results in a sample of about 72.5 million objects, i.e.
about 7 percent larger than the one used in Section 2.
This is consistent with the order 10 percent effect found
by Bennett & Bovy (2019) when introducing quality cuts
on a sample with parallaxes better than 20 percent. If
I only consider stars in a color range broadly consistent
with the location of the of BSS (0 < GBP −GRP < 0.8)
and RGB (0.7 < GBP − GRP < 1.3) box, the mean
and median difference of the two samples as function of
Galactic latitude is 6 percent, with a scatter of 4 per-
cent. This check is to ensure the absence of significant
trends with latitude, due to the fact that the quality
flag phot bp rp excess factor is sensitive to increas-
ing stellar crowding towards the plane of the Galaxy
(Evans et al. 2018).
I thus increase by 6 percent the number of halo bRGB,
and convert those into the expected number of halo BSS
using a fraction of 0.20 from Figure 2. Using equation 5
from Santana et al. (2013) I estimate a total halo stellar
mass of 0.9× 106M within ∼ 2 kpc from the Sun. Ac-
counting for the volume of a missing spherical segment
of height ±Z:
V =
piZ
3
(6D2 − 2Z2), (7)
where D = 2 kpc and Z = 0.4 kpc, returns a local stellar
halo density ρ = 3.4× 10−5M/pc3.
The procedure outlined above is repeated 100,000
times, varying each time with Gaussian random errors
the boundaries of the bRGB box (Figure 1), redden-
ing by 20 percent, parallaxes within their quoted er-
rors, completeness correction by 6 ± 4 percent, and
imposing different cuts in 200 < |Z(pc)| < 400 and
200 < VTAN( km s
−1) < 350. A correction for the frac-
tion of missing halo bRGB is determined each time, by
similarly perturbing for the SkyMapper sample redden-
ing, parallaxes, and metallicities by 0.2 dex. The mode
of the distibution of G magnitudes is determined for the
Gaia and the SkyMapper sample, and the brightest of
the two is used to find the furthest distance at which
both samples are complete given the faintest MG of the
bRGB box used. The correction for the fraction of miss-
ing halo bRGB is applied to derive the actual number
of halo bRGB, which is then converted into a number of
BSS using a ratio of 0.20± 0.03.
From the procedure described above, I obtain the fol-
lowing value for the average stellar halo density within
2 kpc from the Sun (Figure 4):
ρ = (3.4± 0.7)× 10−5M/pc3. (8)
While the correction for the fraction of missing halo
bRGB stars is a strong function of VTAN, ρ is re-
markably flat, as one would expect after applying a
proper completness correction. A wide range of den-
sity normalizations have been found in the literature
(3− 15 × 10−5M/pc3 Morrison 1993; Fuchs & Jahreiß
1998; Gould et al. 1998; de Jong et al. 2010). The value
derived here compares more favourably to low normal-
izations, although the very different values obtained by
different authors over the years highlight how difficult is
to derive a definitive measurement.
It must be noted that the relation of Santana et al.
(2013) is not exactly linear between the number of BSS
and stellar mass. In other words, the stellar mass of
a dwarf galaxy with n blue stragglers is different from
the mass of m dwarf galaxies, each containing i blue
stragglers
∑
i = n. In the extreme (and unrealistic)
case that each blue staggler comes from a different dwarf
galaxy, the difference with respect to assuming all from
the same dwarf amounts to 1− n−0.11, or about 50 per-
cent for n ∼ 103. Recent evidence suggests that the local
Galactic halo is the result of two or few massive mergers
(e.g., Myeong et al. 2019), in which case the difference
reduces to the order of some percent. However, we do
not know the total number of blue stragglers, of which
only a fraction is observed within 2 kpc. Fortunately,
Figure 5 shows that the relation of Santana et al. (2013)
can be well approximated with a linear function within
its uncertainties. Adopting the linear form of Figure 5,
the inferred stellar halo density increases at the percent
level only. It should be pointed out that the relation
of Santana et al. (2013) is calibrated between ∼ 103
and ∼ 106M, and here it has been applied within this
range. The comparison of the linear function in Figure
5 extends up to 109M (the total stellar mass of the
halo, e.g., Deason et al. 2019). While it must be ex-
plored whether the adopted linear relation holds to this
regime, the point here is that while different linear func-
tions will change somewhat the stellar mass derived, the
effect is within the quoted uncertainties.
5. SCALING RELATIONS
The good agreement of the local baryon density with
estimates from the literature from the previous Section
warrants to further investigate whether scaling relations
derived from BSS in dwarf galaxies can be applied to
the Milky Way halo. Figure 6 shows the volume den-
sity of blue stragglers as function of stellar density for
both dwarf galaxies (continuos blue) and globular clus-
ters (continuous red line) from Santana et al. (2013).
Stellar densities have been calculated within a half-light
radius, using 0.5LV /L,V (from Mun˜oz et al. 2018),
and assuming a stellar mass-to-light ratio of M?/LV =
1.5M/L,V . This value is appropriate for both dwarf
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Figure 5. Relation between the number of BSS and the
stellar mass of a dwarf galaxy from Santana et al. (2013)
(light blue). The region allowed by the uncertainties of the
relation is shown in gray (with 1 and 2 σ levels indicated in
the upper bar). A linear relation which still fits within the
errors is shown by the dark blue line.
galaxies and globular clusters in this sample (e.g., Woo
et al. 2008; Baumgardt & Hilker 2018). I have used
half-light radii from Se´rsic profiles Rh,s since in Mun˜oz
et al. (2018) those are available for both dwarf galax-
ies and globular clusters, and note here that differences
are negligible for system having half-light radii from ex-
ponential or Plummer profiles. I multiply by 2/3 the
number of BSS in Santana et al. (2013) since those are
counted up to two half-light radii2.
The density of BSS steeply correlates with stellar den-
sity both in dwarf galaxies and globular clusters. For
dwarf galaxies, the intercept of the relation with the den-
sity of halo BSS determined in the previous Section re-
turns a stellar density of (3.1±0.5)×10−5M/pc3. The
good agreement with the value previously determined is
not unexpected, both ultimately depending on the same
set of data. However it must be noted that the choice of
comparing the density of halo BSS to that within a half-
light radius of dwarf galaxies is arbitrary. If stellar den-
sities were to be computed within two half-light radii,
the stellar density inferred for the halo would change to
2 Assuming for simplicity an exponential profile e−kx where k is
an integer, there is 3/4 of light within two half-light radii, and
2/3 of this 3/4 is within a half-light.
(2.6±0.6)×10−5M/pc3. Not unexpectedly, the largest
source of systematic uncertainty is the adopted stellar
mass-to-light ratio, where a change of ±0.5M/L,V
affects stellar densities by ±1.0× 10−5M/pc3.
More interestingly, the density of BSS is found to cor-
relate with the dark-matter density of dwarf galaxies,
here computed again within a half-light radius. This
can be understood from the dark matter scaling laws in
late-type and dwarfs spheroidal galaxies, where the dark
matter halo core-density correlates with the absolute
magnitude of a galaxy, i.e. roughly stellar mass content
(Kormendy & Freeman 2016, see also Figure 7). Here,
stellar mass content is traced by BSS. The dark matter
density has been estimated using dynamical mass-to-
light ratios M/LV reported in Mun˜oz et al. (2018), from
which MDM = (Mdyn−M?) = (M/LV −M?/LV )LV /2,
where the factor of 2 follows from the choice of working
at half-light radius (i.e. in the following MDM, Mdyn
and M? are all computed within half-light radius). The
contraction of the dark matter halo due to the addition
of stars can be corrected by adiabatically expanding the
half-light radius. Assuming circular orbits and angular
momentum conservation this gives
R
′
h,s =
M? +MDM
MDM
Rh,s (9)
(e.g., Blumenthal et al. 1986; Forbes et al. 2018), which
has virtually no effect since for this sample of dwarf
galaxies M? is order of magnitudes smaller than MDM.
The approach used here averages the dark-matter den-
sity over a half-light radius, which is appropriate if
(dwarf) galaxies –as it seems– have cored profiles (e.g.,
Serra et al. 2010; Read et al. 2016; Li et al. 2020). The
derived MDM does not account for the effect of tidal
stripping of the haloes of dwarf galaxies. Nevertheless,
this simple methodology returns dark matter densities
which typically agree to within few tens of percent with
the values derived from the detailed modelling of Read
et al. (2019) for the same galaxies in their sample.
To account for uncertainties, I have repeated the
above procedure to derive stellar and dark-matter densi-
ties using half-light radii, stellar and dynamical masses
from McConnachie (2012). Differences with respect
to the values obtained using mass-to-light ratios from
Mun˜oz et al. (2018) are typically of few tens of percent.
I then generate a million realizations building each time
a sample which randomly mixes data from McConnachie
(2012) and Mun˜oz et al. (2018), and perturb them by
a Gaussian of width equal to half of their differences.
The intercept with the local density of halo BSS (also
perturb within its uncertainties) returns a median dark
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Figure 6. Left panel: volume density of BSS as function of stellar density in dwarf galaxies (blue) and globular clusters (red).
The volume density of BSS is found to correlate also with the dark-matter density in dwarf galaxies (cyan). Crosses (open
circles) have been derived using data from Mun˜oz et al. (2018) (McConnachie 2012) as described in the text. All densities
are computed within a half-light radius. Dotted line is the volume density of halo BSS within 2 kpc from the Sun (with 1σ
error from the Monte-Carlo described in Section 4). Right panel: Probability Distribution Function for the dark matter density
within 2 kpc of the Solar location. Gray vertical lines are the median (continuous), 16 and 84 percent values (dotted). Lines of
different colors assume different stellar mass-to-light ratios (1 orange, 1.5 black, 2 green).
matter density:
ρDM = 0.0058
+0.0053
−0.0026M/pc
3
= 0.22+0.20−0.10 GeV/cm
3. (10)
The mean density is instead 0.0076M/pc3 =
0.29 GeV/cm3. In can also be appreciated from Fig-
ure 6 that varying the stellar mass-to-light ratio by
±0.5M/L,V has a negligible impact on the inferred
dark matter density.
The median (mean) value of ρDM determined here
is in overall good agreement with those recently re-
ported in the literature, which are in the range 0.005−
0.013M/pc3 (' 0.2 − 0.5 GeV/cm3, see e.g., Smith
et al. 2012; Zhang et al. 2013; Bovy & Tremaine 2012;
Bovy & Rix 2013; McKee et al. 2015; McMillan 2017;
Sivertsson et al. 2018; de Salas et al. 2019). These meth-
ods are based on dynamically modelling the rotation
curve or the vertical motion of stars, and in either cases
a number of assumptions are needed. One of the most
important ones is the contribution of baryonic matter
to the local dynamical mass, which is non trivial to de-
termine and strongly correlates with the inferred dark
matter density (e.g., Flynn et al. 2006; Sivertsson et al.
2018).
The use of BSS proposed here is largely independent
of the baryonic content (Figure 6, right panel), and the
mass estimators used to infer dynamical masses within
the half-light radius of dwarf galaxies are believed to
be accurate (Campbell et al. 2017; Gonza´lez-Samaniego
et al. 2017). The choice of applying a scaling relation
inferred from dwarf galaxies to estimate the local dark
matter halo is motivated by the similar BSS-to-RGB ra-
tio measured in the local halo compared to dwarf galax-
ies. Admittedly, however, in dwarf galaxies these scaling
relations are estimated at half-light radii, whereas here
they are applied to field stars as a whole.
6. DISCUSSION AND CONCLUSIONS
The correlation between stellar mass density and vol-
ume density of BSS shown in Figure 6 can be readily
understood from the findings of Santana et al. (2013)
i.e., the number count of BSS increases with the stellar
mass content of dwarf galaxies whereas it stays constant
in globular clusters. With increasing stellar mass, globu-
lar clusters are typically more compact. This means that
the volume density of BSS increases with stellar density,
moving from the bottom left to the top right of the red
line. For dwarf galaxies, the pathway is opposite. With
Blue stragglers in the halo 11
increasing stellar mass content, the number of BSS in
dwarf galaxies increases, and so do half-light radii. This
leads to a decrease of both stellar mass density and BSS
volume density with increasing galaxy mass, i.e. mov-
ing from the top right to the bottom left of the blue
curve. Because the stellar mass content of dwarf galax-
ies correlates positively with their dark matter content,
the same trend still holds when dark matter density is
used instead of stellar density. Whether the correlation
between the density of BSS and that of dark matter is
indicative of a connection between baryons and dynam-
ics is something worth contemplating (e.g., Sancisi 2004;
McGaugh et al. 2016), but beyond the scope of this pa-
per.
The constant number of BSS as function of cluster
mass (M?) translates into a decreasing number of BSS
per unit mass (∝ 1/M?), whereas the number of BSS
per unit mass stays roughly constant in dwarf galax-
ies (∝ Mα? × 1/M? ∼ const), where α ∼ 1 (see Figure
5). The number of BSS per unit mass can be inter-
preted either as a measure of formation or disruption
efficiency of BSS. For example, if BSS are the product
of close binaries, it could be argued that in denser stel-
lar systems close binaries are less likely to form, or that
closer binaries are more easily disrupted. While address-
ing these questions is beyond the scope of this paper, I
note that the trends discussed here using BSS can be
traced in the stellar-mass vs density relation (Figure 7).
This relation is equivalent to the more popular absolute-
magnitude vs. half-light radius relation, and shows how
the stellar mass of a system has a positive correlation
with stellar density in globular clusters, and a negative
correlation with dark-matter density in dwarf galaxies.
BSS are thus tracing these scaling relations, and here I
have applied them to the Milky Way halo.
Further investigations are needed to confirm the use
BSS as proxy of baryon and dark matter density in the
halo, as this technique could be very powerful e.g., at
measuring these quantities across the Milky Way halo
on the same scale as in external galaxies. Remarkably,
applying to the local Milky Way halo scaling relations
inferred for BSS in dwarf galaxies is able to return both
a stellar and dark-matter density which are in overall
good agreement with other determinations in the litera-
ture. As discussed in the paper, BSS thus seem to trace
stellar mass in low density, low metallicity environments
regardless if dwarf galaxies or the halo. When it comes
to dark matter, the correlation between the dark matter
core-density and stellar mass seen in dwarf galaxies re-
turns a meaningful result also for the local halo. It thus
seems that the nearby halo of a bright spiral like the
Milky Way can lie on some of the scaling laws for dwarf
Figure 7. Stellar-mass vs. density relation, using the
compilation of dwarf galaxies from McConnachie (2012) and
globular clusters from Baumgardt & Hilker (2018). For dwarf
galaxies, the dark matter density is plotted, computed as de-
scribed in Section 5. For globular cluster, the stellar density
is plotted. Densities and stellar masses are both computed
within a half-light radius. Filled circles are dwarf galaxies of
the Milky Way (green) and globular clusters (yellow) with
masses better than 20 percent.
galaxies. Whether this holds universally, or because the
nearby halo is largely formed by disrupted dwarfs galax-
ies it remains to be seen.
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